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W CXJADRUP3LC DEW W?JAMICS DIHTCN WIVOIES*
K. R. Crandall, R, fl. .Stekes, ●nd T. P, Eangler

-a AlnMOB Scientific Laboratory
LOB Alamcm, New Mexico 87545

The rsdi-!raquency qumdr~l’ (R?Q) linear
●ccelcrmtor strwture 19 ●xpcted to pfrl!t con-
sidartble fl,xibllity in ●chiovlng Llnac dt~ign

objectivoa ●t lW volaitiea. Calalational

studies shw that tho MQ con acmpt a high-

current, l--velocity, & beam, bunch it with
high efficiency, and accelerate it to ● velocity
muitable for injection into a drift-tuh~ linac.
Although it is r~latively ●asy to genar~te a
aatiafactory daolgn for m RPQ llnac for low
beam arren~, the ●paec-charge ●ffectn profluced

by high arrentn rbminato the *sign criteria.
P!ethm5a have been rhveloped to generate solu-
tions that make suitable compromineo between the
●ff~tn of ●mittance growth, transmission effi-
cle.1~, and overall structure lsngth. Results

●re given for a tent FYQ llnac operating at
425 ~Z.

Introduction

Scm after the linear ●cmlerator was
invented, searches began for methcds to circum-
vent the i!!mmrpatibility between longitudinal

and radial ntability. The ume of drift-tube

foils or gridn, externally a~lied fields, and

●lternating phaae Cmoing has met with aucce~s
in spaciflc areaa of application. Rowever, each

of these soluticms ha~ cerious dlaadvantagea
particularly in the acmlcration of Iow-velocitv
ions. Since 1956, there have been augqe8-
tional-4 that linear ●ccelerator electric
fields could be ucad for radial focusing as wll

an for accel~ration. These proposmle were baaed
on noncylindrically ayrmnetric ●lectrde shapes

that wuld generate tranavarae quadruple
fields, ?%1s rf self-ftiaing ia ●n important
new idea ●o~ially ●t 1* vclc-sitica bkause
the elwtric force lo velocity itiependent.

In 1970, Ra~hinakii and T8plvakov5,g
(R-T) propoad a phrtlculsrly attrmtlve form of

these new idea-. The pravioua pro~aals to
g@n~rate quadruple fields used aptcially shaped
gapa bctwen drift tubcn or vavoguiden to
generate localizd foaming forcae, Eowver,
the ach~me proposed by K-T waa ● rbcra banic and

flexible Idea in which the quadr~ole fcmrninq
field waa spatially mntinuouo ●long the z-axio.

W@ call this ntrwture the RPQ. ?igure 1 ●houa

● •~ematic view of a four-vmna r~aonator that
i- tha form of the RYQ be!ng dwelopcd at the

MS AlamOC Sciantiflc Lmb:atory (LASL).

The MO mav have important applications In
the lw-velocitv part of manv tvpes of ion
accelerators. It can provide oav,ral neceosarv
f~nction.z in ● COntinuoun manner to prcxluce a
final beam euitahle for injection into a conven-

tional accelerator. Briefly theoe functions are
the follwing: (1) acceptance of a dc ham

(50-keV protms, for sxmp?e) anA radiallv
matching it into the following 6ections of the
RPQ~ (2) bunching thin beam adiabatically with
high capture efficien~ (>90t); and (3) accel-

erating the beam to an enerqy (1-Mev protons,
for ●xample) that Ie convenient for injection

jnto the next acceleration stage. In thiz pacwr
w will consider the next staqe to be a drift-

tube linac. Through proper desiqn it ia pJssi-
ble to mntrol the particle distribution in the

phase-stable bucket ao that rcinadiahatic accel-
●ration ●ffects are minimized. Also, the ,final
nvnchronoua phnee can be brought to a val~}e (oav

‘30°) that in suitable for capture by a drift-
tube linac, Bocaun~ the radial focuninq forcee
are ●l=tric and retain their full atrenqth at
low velocity, and also becaune the forces are
npatlally continuous, the abve functione can be

accorrrplinhefl at low velocities with minimal
effects from apace charge. Also, 49 9ugqeEtefl
hv K-T, apace-charge effects can be further
minimized through proper control of the bunch{nq

procece. This idea is an important contribution
that ia ccxnpatible with paslble choices of RiW
design parameter.

There bre ccveral possible application of

the P.FQ row Iundar consideration at IXL. These
include: (1) a high-intenaitv deuteron accel-

erator for the Flanford Fusion Materials Irradia-

●Work Pa:fornw under the auapicen of the U. S,

Doparbn~nt of Energy. FLq. 1. I’our-vane r*t30nator.
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?lg. 2. RFO pie-tip geometry.

tion Test (~IT) Facility, (2) the PIon Gener-

ator for Medical Irradiation (PI@f I), a high-
intensity proton accelerator for use in pion and
neutron radiotherapy, (3) a heaw-ion accel-

erator for inertial funlon, and (4) a hiqh-
energy accelerator for ions nuch an neon.
Plothds w have found useful in chmsinq beam-

dyrmmics parameter.a for R-PO eystems are
presented. An a specific example, w give the

results of these methcds applied to a proton
llnac deaignd to test the RFQ principle.

R-FQ Elec’ric Fields and Pole-Tip Geomt*I~

In the RFQ the ●lectric field dintributio:
is generated by four plea arral..ti aymunet-
rically arourd a central z-axin. The poles are

excited with rf pauer so that at a given time,
adjacent ~Ie tips have equal voltage8 of

opposite signs. If the ~le tlpa have mnstant
radiuo as z is varied, then onlv a transverse
field (mainly quadruple) is preoent. In the

x-z plane for ●xample, this qua{~:~le field is
fccusing for one-half of the rf perid and

defomsing the other half. The strmture has

the propertica of an alternating-gradient
focuning ayatem with a ntrength independent of

particle nlmity. To generate a longitudinal

●ccelerating field rhe wlo tips ●re pcricxl-
ically varid in radius, The variation 1s much
that, at a value of z where the ple tips in the
x-z plane have minimum radlua, the pole tips in
the y-z plane have maximum radium. This 10

■hwn in Pig. 1. ?igure 2 ●hcuo a cut through
the x-a plant, and ahowa th~ mirror ~etry of
the ~oaite plec. In Fig. 2 the radius para~
●tcr ●, the radius moUulatlon parameter m, and
the cell length ar~ defined. The longitudinal
field in goneratd between the x pole tip that

han minbnm radiua ●t z ■ O, ●nd the y pole tip
that hae minimum radiua at z = 61/2. The unit

cell ia ~~/2 in length ●nd corrao~ndo to cme
●caleration gap. Adjacent unit calla hav~

~oait~ly direct E, flalda, ao that in

practice onlv ●verv ether cell contains a

particle hunc$.
In the ~rdlnatt nvntem of Fig. 2 the

louest-orrler ptential functjon given bv R-T is
\ ritten In cylindrical cmrdinates fr, $, z)
follwsl

[ o2
U.~X~ COB 7 + A70~kr) con kz1

Q sin (ut + $) ,

where V is the ootentlal ti[ff?rence between

adjacent pole tips, and k ●

Fran this we obtain the fol

ca7rrXnent9:

Er=-2
a2

r coe 2L - ‘v I
2

xv

‘Q “ ~
r .91n > ‘1 ,

E - & Iofkr) sin kz ,
z

2T/E> .

wing electric f

(kr) cos kz ,

(1)

el?

(2)

(3)

(4)

each multiplied by ein f.t + $). Our met+cd of

Calculating RFO ham tinam{cg is has.~ on these
fields and is described In Ref. 7. The
quantifies A and X ar? given hv:

A=.
m2-1 — (5)

mzIo(ka\ +

X = 1 - AIo(ka’

The quant
that ●xiste on
a~ld the enrl of
the opace-aver~

Io(mka\

(6)

ty VA is the potential difference
the aA:. between the beginninq
the unit cell, This means that
qe Ionqitudlnal field ie qiven hv

‘7= 2AV/i3). Tie ●ne~gv gain of a particle
w th charge q and nvnchronous velocitv 6C

traversing a unit cell in approximately:

(7)

where 1 . +i/2, nrd T . n/4 is the value of ‘he

tranuit-time factor for a longitudinal field
w!th opam variation oin kz. Our notation is
similar to K-T ●xcept that our A equala their
divided tW T ■ n/4.

A radial ntahility diagram for the wc is
g{ven in ?iq. 3, The absciasa in given bv:

Thin ia prowrtfonal to

force that gives radial

(8)

the ueual ‘rf defocu$n
defocusing whan a linac

2
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Pig. 3. WQ radial stability diagram.

iG operatd with a negative phase angle in tnc
range -90 to O degrees. The ordinate in Fig. 3

is,

>2
~ ..L . E .

Uc2 a’

(9)

This is proportional to the radial fc-msing
force, and depetis on the magnitude of the ●lee-

tric quadruple strength Xv/a*. The ●lectric

quadruple strength dms n._m ●rplicitlv deperd
on z. This means that for given valu?s of a, m,

and 2, the focunlng strength is constant throuoh

a unit cell, It also means that cme can main-

tain the same fcm~ing strerqth in everv unit
cell by varying the parameters such that XV/az

is held fixed. Ex@pt for the nhort, initial,

radial matching section, the linac discussed in
the section ‘Design of the 425-UHZ RF9 Test” hag

been designed to bve a mnstant radial-fccuning
strength. Later we shw that this has a qeomet-
r Ical consequence that may be beneficial in the
., :- of RFQ resonators.

,Ie pole-tip shape required to prcduce the
nbo,c el~tric f~elds is qiven by:

2

- Y2 = r2 con 2(’ = ~ [1 -AIo(kr) ma kz].
(10)

To obtain the nhape of one pole tip in the x-z

plane we l-t k ■ O. This qives:

1- AIo(kx) COS kz
~

a2 ■ 1- AIo(ka) “
(11)

We then solve this equatirm numerically to find

valuen of x an a function of c. Call theee
values of x, which ●re aolutionE, a(z) . To

dencribe the gm’netry in the tranaverne plane we

have derived an equation for th~ transverse
raAiu~ of curvature of the oele tip. ‘Thlg

curvature in:

?-u!R(z) =a(Z) P-O ~

where

P - Io(ka) + Io(mka)

and

(12)

ka2 7

Q-K(M
- l)Il(kl) cos kz

In our ~le-tip geometrical denlgn w have made

the radius of the ~le tips equal to I(Z) . The
pl.-tip ~hape in the transverse plane was

●mroximated by requiring the pole tim to have
the radiuE of curvature R(z) . The Ple tips are

constructed bv repeatefl cuts in the transver~e
plane hv a tape-controllefl milllna machine.

Thjn procefire is 41scuPseA more fully in Ref. .9.
At z - t)/4, half wav throuqh the unit

cell, the MO has quadrupolar svrmnetrv. At this

mint both the x and v ~le tips have a radius

equal to r. = aX-1/2. Also, at thid point
the radius of curvature R = ro. The quantitv
r. can be regarded as a characteristic averaqp
radius of the P$Q ~le tips. As we have dis-

cussed, if V is con9tant, keepinq the fccusing
❑trenqth at a fixed value requires X/a2 to &

constant, and also thin is equivalent to keepinq

ro fixed. In general, ● fixed value of r.

can be ●rpectefl to minimize variations in the
vane-to-vane capacitance, and should facilitate
the &siqn of an RPQ resonator in which the
pole-tip voltage distribution is requirefi to be
flat over its entire lenqth.

W Deaiqn Procedures

If the ion species and the initial and

final ●ner.qies are given, and if the frequencv

●nd intervane potential are Specifie+, the R-PO
design is determined when the three indepenflent

functions a(z), m(z), and ~(z) are qiven,

where z ia the axial dietancr alonq the accel-

●rater. Althouqh it mav be more conv~nient to
●~licitly uoe other relate? functions ouch A,

X, or B, the denlgner muet determine ttree ln+e-

pendont functions that produce t!le ~e~ired
,oh~ectives in terms of arlequate radial focusi,l<,

capture ●fficienqr radial ●mittance qrow+?
overall length, or other stated criteria.

Simple linear forms for the above functiong can

achieve thene oblectivea for lW b-mm currentn

an long an the rate of chanqe of the variables
is slow ●nouqh to ●~roximate an adiabatic

cotiition. llo~ver, as the maqnltufle of the
apace-charge force incrcaoeo, rmre ccrrrolex forms

for theee functions a~ear to hesome necennarv
to minimize both particle loan and radial

emittance qrovth.



One poa~ibl- solution to thi~ prnhlem hnn

tin propose? bv K-T, In this methcd ‘?., the

laqltudinal, mnall Oscillation, anqular fre-
qm-cy at zero current, anfl Zb, th- spatial

lmqth of the ●eparatrix, ●re held constant. If
the functional form of B ie ❑peclfleA, then th~
three Inflepenfient functions a, m and $a arn

determined. Expr*aalonn for f~o and zh are:

(14)

where 0 is the angular length of th? separatr ix,
wlrich is related to the synchronous phaae $B
tq!

(15)

In the region of mnzll longituflinal o~cillations

and for a~iabatic changes, constant flo implies

a beam envelope of constant l?ngth. For a

lcrng~tudlnally matchefl beam this also implies an
Invariant longitudinal charge flenaity rllntri-

bution and fixd beam length. This result holds
for zero arrent ard in also true in the pres-
ence of space-charge forces, If one asgumes the

beam bunch to be uniformlv distributed in a

three-dimensional ellipsoid of constant dim.?n-
sione. Constant Zb taqeth?r with constant

flo can furthermore be shovn to make the charge-
density distribution a~roximately constant for

large, longitudinal oscillation at zero current,
Aa can be neen frmn Eqs. (14) and (15), the
Invarial,ce of Zb determin~s $~ (E). Then
aquation (13) determines A(@).

This meth~ of attempting to k-p th-
charge density rll~trihution a~roximately con-
sta~t, while accelerating and bunching in phase,
will be ●xpected to reduce those space-charge

effects, such ●c radial ●mittance growth, that

a%ar to he correlated with longitudinal com-
pression of the beam bunch. However, after th?
:oaulting velocity profils 6(z) 10 determlnefl,
th- function A(z) takaa on small ValueE, ●ape-

cially for large aynchromuo phanen, and
increases very slowly ●xcept near th? ●nd, This
can recult in an ●xcecelvelv long structure,
particularly ●n the input aynchronoua phaae
a~roaches $B ■ -900. To reduce the l~ngth,
the Initial value of $B must depart a~re-
Ciahly from -900, but this reflu=ea the initial

value of 0, ●nd reaultu in reduc?d capture

●fflciena.
We have ●xplored a qaneralization of the

above mcthd, where w replace the tw conrntanto

& and Zb bv the new Invariance c ●nd a,
given ●s!

4-2nJ o

c-—

no’
(16)

2
U=flz (17J

Ob”

When (. . 0 this reduces to the K-T methd. For
ponitive c th~ small oacillatlon frequencv !,O

dwreases at a constant percentage rate, and thp
aeparatrix length Zh rrrafluallT- increases. we
expect thin approach to vield a charqe diutri’,u-
tion that can EIWIV cunpress or exparfl in s{7-
dependlnq umon the value of E. In a~+ition, for
fixed final values of A and $B, the overall
lenqth decreases as C increa~es. Generallv we
have foun~ acceptable golotlons with L in the

range 0< ~ < 0.7.
We fjnfi that the use of either t+e R-T

a~ro~ch or the generalized approach is effPc-
tjv~ In rliflucing radial ●mittance grcwth, wh!le
the beam iE beinq bunched, We refer t@ this
nection of the RFQ a~ the G+ntle Bunchinq SPc–
tion. We also find that to obtain hi~b caotl]-~
?fficlenm, It i9 nece9sarv to Intr&uce a .?ec-
tion befor~ the Gentle Bunc~er in wh!ch t;e
input variables are ~peclfied as a function of z

rather than ~, no that the Input nvnchromus
phase can ntart at $B = -90° and the jnjtial
value of A can be A = 0, In orfler to reduce thp
overall length following the Gentle Buncher, we
add a section that maintaing a hlrrh value of A

at the Final synchronous phase. The remainina
problem of radiallv metchirq the beam into the

time- varving acceptance of th- ~ requires an
initial section for matchinq. We are thus led
to four stages in the overall degiqn as shown
schematically in Pig. 4. W- will now deecrihe
the first ntaqe, the Rarljal Matchinq Secticn.

The matched ellipse parameters in the ~CJ
depen~ on the rf phaee and are relatively indr.-

penrlent of position alonq the linac. Therefore
the orientation of th= acceptance ellipse
depem?s on time. For proper matchinq into th-
RFO, one must provide a transition from a hearr
having time-inflepenrlent characteristics to one
that hag the prop~r variation with tire?. This
means that at the input, a time-independent set
of ●lljpse parameters iu required. Thene param-
eters will depend on the beam curr-nt. Our
solution is to taper the vanes at the inDut of
the FLFQ so that the focusinq ●trenqth chanaes
from almoot zero to itfi full value over a di.-
tance of oeveral (5-10) focunlnq perid9. This
prwedure allovs the time-independent beam to

●dapt itself to the time structure of the
focusinq sv~tem, ~adrupole oymmetry Is mair,-
taine~ throughout this nectlon (rm vane
modulation) ,

This procedure is illustrated in Flq, 5, a
display generated hv the prooram TF.ACP,q wh(ch

has been mcdifid to Inclufle rf quadruples,

m-F=li=lFr—— ——

rig. 4. ?unctlonal block r!iaqram

4



P1q, 5, Radial llatchinq Section.

●ither of constant or tapered atrenqttn. The

matched ●nips? parameters are first founfl for
variouo phaseg in th~ constant-strength nee

tion, Three such matche~ ellipses, corre-
sponding to phases 90° apart, are shcwn in the
u~er right side of the figure for both the x-x’
and y-y’ planes, This graphically demonstrates
hm different the matched ●llipses can be as a
function of phase, and alm ahoua the relatively
mnall area of overlap that is cormnon to ali of
th-se ●llipses, T’hP phase-space plots at the

u~er left are the result of follming these
same three ●llipses backward through a taperefi

s-tire of the RPQ, S-periafs long (10 cells).
One can aee that these ellipses are very similar

and have a high degree of overlap. The hotbm

graph In the flqure nhws the horizontal and
vert]ll profiles that result from follming
these th:ee ●llipses through the taperefi r:

quadr~le. Spcce-charge effects wre inclurled
in this calculation, which aasum?~ a beam

current of 30 rnA.
An unexpected benefit of the Radial

Htitching SKtion iz that the increase in aper-
ture at the input renultn in ~ak fringe fields

and negligible fringe ●ffecta for both lonal-
tudinal and (sdial motions. The longiiuflinal
field gcn~ratd within the matching section is

•l~ negligihlc becmuae of the fact that th~

change in B ocars over many rf mclen.
The necond mtage, which * ‘all the Shaper

Section, can begin ●t $a . -90°. The accel-
●rating field ia incraaod steadily from zero,
while $ is maintained ●t a large value, no AS

r- obta n a high capture efficiency. Under the
influence of the ricing ●xial field, an il~put dc
:>@am with mall •ner~ apraad will rotate

‘hroug+ many cyclee of longitudinal oscillation.
9 0 filam~nt in phms~ opam wrmp~●round itself

to tproximate ● ❑atched beam in longitudinal

phane ●pace. Srxna co~rosmicm of the b~am

within the phase atahle ●rea {n fle:lrahle to

●ntic ipate euhsauent non ●diabatic h?havinr,
which muld lead to particle loss. At hiqh beam

currents, much comrcaoion ehoulA ba limitefl,
howvar, becaune of the lnrqe radial emittance

qrovth that can result whm the beam in tiqhtlv
bunchefl. Even so, #raPatic ●ffects of npace-

charqe repulsion will be ●amciallv a~arent at
the first phaae fw~ for an input 14c beam Witt,

anall ●nergy eprearl.

For th~ third ntaqe, the Gentle Buncher, we
employ the generalized methd, where we satisfv

equations (16) and (17) anfl hold B constant,
The Gentlt Buncher Section completeg the
bunchinq hequn in the Shaoer Sectlcm and accel-
●rates the quasi-matchefl beam frcm the Shaper,

until the final nvnchronaua phase is reacher!.
The hunt+ length and the charqe flmsitv unr!erqn
no large chamge in the process.

when the final Eynchrnmus phase is
reached, the Acceleration Section begins. In
thie section $~, m, and a are held at conetant

final values to a~lv a relatlvelv larq-
fraction of the intervane voltaqe on axis, an~

to bring the beam to its final ●n-rqv within a
short distance,

An i~rtant EteD in the desiqn procedure
is a choice of operatlnq intervane ~tential,
which normallv should he as larae as pyssihl~,

consistent with the nporkinq limit. The reeults
from program SUPERFISHIO ahw that for the RFO
vanes constructed at LML, the h~qhe~t surface
fielrls, E , occur in th~ middle of ●ach cell

?at the P nt of pure qUa~rWOle SVfMnetry. The

maximum field does rwt occur at the ~le tip,

hut occurn at the ~lnt where the vanes have
minimum separation. The field at the @le tip

in V/r. an~ tile peak fie14 Es = KV/ro

where for our qemetrv K = 1.36. Once the

choice of max!mum all-able surface field is
made, the ratio V/r. ia determined.

After ● choice of B in made, which urovi~es
a gmd ccmprom{sre hetwen radial stahllitv anfl
adequate a~rture nize, the quantjtie~ V and

r. can b? cbtaind frm the relational

q~2E
s

r .—
0 MC2B.

22
qk E

s
v=—

MC2B <
2

We aee that hlghrr surface fielrl ES and

emall~r B will increaee both r. ●nd V. The

averhqe axial field then btieo!

2q4AE=2
E .—— .

0
MC2B6K

2

(1$)

(20)

5



UC choose an initial m value of m = 1. A
final value of m 2 produces ● qcd ComprOmia~

batwen acc~leratlom ●fficienm. P., and fmuainq
efficioncmj, X, ●t the ●nd. If x is tcm mall

the mnfitralnt that B !a COr?Stant mny u!ake the
final radius paramet~r t~ mall.

Error Tolerances

try
●ll
qua
var

After ● llnac has been deuigned, one stunt
to d.atermine how censitive the fleelgn 18 to
probable mur~s of ●rror. The quantity ●nd
ity of the output beam can be degrafle~ bv a

ctv of things, such ●n ● mimatch and a mia-
stoering of the input baam, ●nd aligrunent errors

●nd excitation ●rrors in the linac. Tolerance9
can be ❑pecified for some of these ●rrors cmlv
by rurmlng a large number of numerical uimula-
tlons. For othar types of errors, {t ie ~s-
sible to make ●ore general statement, arwl it is
these typen that we will be mncernerl with In
this section.

The re.aults can be specified in terms of

the magnitude of the multiples of the focusing
field relative to the quailrupole strength at tht=
b-ore radius. ‘f’b~ radial ccxrpnent of the nth

mult~pole at radiua, r, ●nd angle, , is defined
to be:

[1
n-1

E .A~ cos (n$ - 6n) ,
r,n n r.

(21)

where An in the amplitude and 6n is the
phase of the nth multipole, nnd r. i8 the
bore radius.

The values given below, ●s all as those
given for image charge cff~ts, (se A~endix)
-re obtained using a can’puter program that cal-

rmlates the charge density influced cm equipo-

tcntial surfaces. ll The unperturbed calcula-
tions were ❑ade with the vanes a~rorrimated by
four circular ~linder9 Hyrmnetlicallv placed
about the z-axln. The qlinder walls were a
distance r. from the z-axis and the diameter
of ●ach cylinder was 2ro.

Aliqnment Errors

The van~s are dioplaee~ olightly from their
proper poeiticxv, Synsnecric dlaplammentu of
o~ornite polen, inward or outward, will have no

significant ●ffect other than changing the quad-
ruple str~ngth nligt,~ly, which ia equivalent to

changing the operating voltage. )bnmetric
dioplaccmentd will introduce odd-order multi-
POIQS. An •xa~lc of a nonnymetric dinplac~
●ont ia ● tmrisontal dlaplacamant of the ver-

tical vanea. A small diaplamment, ~, han baen

calculated to prduce multlpolas of order 1, 3,

and 5 having fractionn of the quadruple term of
0.16 d/ro, 0.64 d/ro, and 0.024 d/ro,

reapectivoly. The *mInant term a~ars to be
the aext~olc (n = 3), ●nd bv placing an accept-
●bl~ limit a it one can ~acify ● m]cran~ C+I
d/ro. If it 10 desirable to keep the

nextupo?e term hc~ou Itr than tho tolerance on

fl/ro !.s apnroximate!~ 1,5Q.

Excitattcm Errors

The i~eal ●xcitation io for the p3t*ntial

on ●ach of the four vane: to os~ll late htw-en

+v/2 at all point~ alonq the llnac. Variations
~n the ~tential in the lonqitu41nal .+irect~on
will probablv be gradual and small. lnformatinr
abOut ‘he longitudinal field can he ohtaine~
from t,eadpull measurements.

Prrors in the transverse fields can be
represented most generallv by a~suminq that ●ach
vare is oscillating at a different ootential.
The ptential on the ith vane WJUICI oscillate
betwpn 3(V + LVi)/?, and the ●xci tation level
could he adjusted so that the averaqe potential

1s correct, which ~uld make

; m, = o . (~<

1=1

The voltage errors, Lvi , can he divided into
avnme.ric ati antiswmnetric Darts. The svm-
metric mnroonent9 c0rre3pond to errors on opvo-
s(te !mIes havinq the name maq’nituAe anrl the
name sign; the antisymrmetric r.xnnmnents corre-
nponil to ●rrors on o~ogite roles navinq the
same magnitude and Oppo<{te .Yi~-s. The BViTI-

metric components have m effect o, the multi-

ple Bpectrum, hut the antis~~t[l< .anpmnents
will generate Cxfd-o-fler m“lt(~li=g. Let Vx
and Vv be the fractional antismtmetric com-
ponents in the horizontal and vertical vanes,
respectively. That 19, t~e ptential on the

oP9inq horizontal vanes voul~ oscillate wit+
th~ magn{tude9 (l~vx)V/2. The magnitudes of
the odd multiples arp foun~ to he proportional
to J = (Vx? 4 VV2)112, and the ratio
of the first four to the quarlruoole str?nqths
are given below:

A 1A
3’ 2

- 0.”!08 v ;

A5/A2 = 0.029 V ; (25)

‘7/A2
- 0.041 v (26)

That in, a TO* antiovmmetric cun~nent (V = 0.1)

muld caune a 4t flim?p field ati a 3Q aextumle
field. If it ia nece9aarv to keep the aextupole
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field bel.a It, then one must ke?p v < 0.03?.
Tbs Jipolp field @uld simply cause a dis-
placement of the ●l~ctr ical axis of the quaP-

rple W the mame pcrcentaqe.

Dasiqn of the 475-M’Rz RF() Teat

One Of the •~licatiomg Of the PTCI under
amoideratlfi ●t IASL la for the high-intensitv

35-MeV deuteron accelerator being deeigned for
the Hanford Fusion Haterlals Irradiation Te6t

(~IT) Fmilitv to he Installad ●t the RanCord
Engineering Developr?nt Latnmatory (HI!Z)L) ●t
Rlchlard 14a8hington. An i~ortant step in eval-
uation of the RPQ for this linac is a full per
te~t, which unee an ●xisting protcm injector and
●n existing wurce of rf per. As an ●xample
of the desig~, methal dinased above, w present
the WQ design for this test, which w will call

the 42--HBz ‘Test Design. Table I ah- a list
of parameters. Becau9e of limitations ‘mPosed
bv the ●xisting hardware, the frequen~ was
chosen at f ~ 425 ~z and the length was
constrained to be equal to L = 110.8 an.

The surface gradient, EB, was chosen to
have the conservative value 27 ~/m. After the
RaAlal Hatching Section, a mnstant value

B = 5.E5 p wideg a mmpromige between radial
stability and tolerance requirements arising

frun the small aperture. The refiultinq
characteristic average radius is r. ■ 0.2 an

and the resulting intervane voltage is
V 9 44 kV. The obl~tive of the test is to

capture a dc beam of ●nerqv Wj = 0.1 14eV,
bunch and accelerate it to acme ●ne,q, gteater
than a*Jt 0.5 ~eV, and to sturrv the performance

as a function of input .nrrent. The ●xact value
of the final .synchroncus phase Is mt important,

as long as gocd bunching can be &mon~~ ated.
~ mmputer programs have been written to help

generate parameters for the beam-dymmics
program PLW’TEQ (see Arpendix). The f:rst

proqram generates the Gentle Buncher parameters
as a f,~nction of axial distance z, given initial

and final ●nergies for thiE section and ●lvs.n
the c param?ter. The necond program take? the
initial Gentle Buncher parameter as fins
values for the Shaper Section, generates L!,>per

parmrneters as a function of z, then trace?

particles through the Shaper In longituflinal

phase space, thus qivinq an e~t!mat~ of •x~tpfl
capture ●fficienrv. In arlflit ion, b~th pr~rams
calculat- several quantities as a function of z,

much an the ratio of npace charge to focu~inq
force (see Appendix), and longitudinal and
radial oscillaticq Cre.q”encien. T’heae result~
●re uneful as a qui’. to pred!ct anrl interor~t
subsequent PAPHT13) t nultn,

The chosen flesiqn is one with ● Gentle
Burcher parameter E = O, which corresponds to

the K-T a~>roach. Several designs ma~e
with c - 0.2 gave comparable reaulta. Figure 6
-h-s the resultinq profiles from PARMTEO for
Oeveral variables, The four basic oactions of
the structure are indicated. The final ●nerqv
●fter 110.8 m and 165 cells is Wf - 0.640 ~ev.

‘f’he radial matching is done in the first ten
cells or 5.2 m, whpre B 1s Iinearlv varied from
an initial value of B ■ 0.20 to a final value
B ■ 5.85, and is kept constant throughout the
rest of the structure. ‘ih 91w increane of m
during the first half of the etructure appears

tO I* nece9sarv in order to reduce radial
apace-charge ●ffects as was discussed
previouElv. AS m increasea and the a~eleration
●fficiency A (not nhw) also lncreages, the
focufiinq ●fficiency, X, fl~reases. T’be constant

value of B then imolies a decrease in the radius

parameter a. The transverse acceptance is
d?terminerl by the final aperture and has a
normalized value An = 0.09- cm-mr at the
mmjnal current 0? I = 15 *. This can he
cmrpared with an expected input beam from the
ion oource havinq a normalized ●mittance of

I?n - 0.05x an-mr. The Input particle
distributicm used in the p~ calculation
gave 100t of the beam within this phaae-apace

area, and 90t within a normalizd area of 0.034-

cnwmr.
In Table II we lint the P~ res lts for

the beam transmission ●fficlenm, the output

be~~ current, and the radial emittance grcwth.
The ●mittance qrowth is the normalizefl ●mittance
of the transmitted beam divided bv the nor-
malized ●mIttan~ of the in~t beam. Both
emittancen are chtained frcm ●llipsen which

r.

TABLE I

425+Rz TEST DHIGN PAP&fE?TSRS

Ion

?raquency
In~t Cnergv
Outpt Energy
Intervane Voltage

Minimum Radiuo Parameter
Overall Vane Length
Number of Cells
Nminal Current

H+
425 ~Z

0,100 HeV
0.640 14eV
44 kv

0.126 m
110.8 m
165
15 MA Fig. 6. Parameters for the 425-URZ tent desiqn,
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TABLE II

RESULT9 PKW! 425*A ~~ DESIGN
.,. .

,!

“1. . . . .
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. v—

(a)
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Irpt
Current

-ML_

Transmission
Efficienv

(9)

output
Currert

~

Paflial Emlttance

Growth

(90Q Contour) M------
%.7
96.1

86.4
73.6

68.6
54.4

0
14.4
25.9
33.1
41.2
54.4

1.04
1.13
1.23
1.19

1.22
1.07
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0
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(,, k&i=?---–+.- l-+==”contain 909 of thkir reep~tive beams. AB the

irpt m.rrrent increase8, a larger number of

particles in lost radially to the bore, which
decreases in size fran the input to the mtput.
This selective radial loss ●xplains the
decreasing ●mittance growth for the higher
mrrents.

Figure 7 chews the phane, cn?rgv, and
radial profiles and the trannverne phame opace
in Imth planem for I-O and for the rmminal beam

mrren? of 1=15 mA. The dotted lines on the x

profile plot lndic~te the aperture size.
Figure .9 shows th{: l.mgitudinal phare npace at
neveral cells along the PYQ for Imth 1.0 and

1=15 m, star’cing with an initial & beam with

zero •nar~ spread. Space-charge ●ffectu, which

bemmne a~arent near the first phaae focus,
persist throughout Lhe remaining 1-15 MA plots.

It is of interest to compare the results of
ar 425-HRz Test Design with those that ●re
obtained by a more simple a~roach, where, after
the initial matching section, @~ is linearly
l~reaaed from -90° to -40° anfl the

modulation parameter m is linearly ramped from
M . 1 to 2 omsr thr total dintance of 110,8 an.
We refer to this design as the Line~r Ramp

Design, and it in characterized bv the lack of a
Gentle 13uncher Section. The Llncar Ramp Design
giv~s ● larger final energy of Wf = 0.719 HeV
in 150 celle, which exceds that of the 425-MNz

Te6t Design because of a larger average axial
field, Renults eh~ing the beam transmission
●ffIciency, output current and radial emittance

growth for the Linear Ramp Design are prelented
in Treble III.
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Fig. 8. Lonqltudlnal phase space at center of
cell for 425 MHz Test Design.

8



,

1
~.’ I

1 i

:L )

.,

(d)

!i,. ,!

.. —_. _._—

=-,, ,.,

—, ,.. -—-—

),, ,’ I
,, I

-—.-——— -— y~.

.,..+-_: j ~ b:” I
j -~..+–- j

“ ——.

I j:llI
>-. .— ,.:

1;!

-,. . . ,“ “ ,m - -.. . . .“ “ “ -

,,ook~~’ .... ,15

05
t

..-,

‘..,

IG

o

10

.<

1

.

.?0 1 1
G Z5 SG 15 100 ]z~ 15L :-:

-r.. -,, .
1.-— — —— .—.

,,
..- ~

1;’
1,, ,

,.~

--
-,, ., ,“ “ “

- ,.!
,-— — -— —

,’; ;
-~’ —–—

I= OrrA I=15rrJ+

Fig. 7. Results from 425 MHz Test Design.

9



If w -are the results In Table 111 with
thoseprenentd in Table 11, we me thatth~
slmplolinear- ‘mmp ~roach glv~s gcd trms-
●lsoior ●fflcleref whan mp= chmrge car be
~kctad, Em, em qtad, tha 425-MM Tast
tiolgni. cl~mrly oqerior in tcrma of tran9-
minsion cfficency 8t tho nonzsro beam fwrrents

mm. The rmdiml ●mitta-growth numbers are
significantly Partu, bd by particle loss at the

larger beam arrmntm in both daaigrm.

we thank E. A. Rnm~, R. h. lamessn, arul D.
A. S=naon for advice and encouk’aqemen~ . We

ack-ledge valuable diomsaiona with R. L.
Gluckstern, IASL consultant, mmcernirq the
Shaper design, an~ - thank G. W. Rcdenz for
●asictance with tl~e qter calculations.

ASendix

Image Charge Effects

We have tried to estimate the magnitude of
the effects on the beam cauaed by the image

charges induced on the vanes bv the beam itself.
The simplifying assumptions made in this anal-

yeim overeatlmate the image-charge ●ffects.
In the high-cnerqv end of the linac, where

the beam in bunched ●nd tt.~ vanes have a rela-
tively large modulation, it a~ars that the
image charges actually prcduce an alternating
focusing and dafocwaing ●ffect for both the
longitudinal and radial motions. Although the

foasing and defocusing strengths do not neces-
sarily have the same magnitude, the net ●ffect
should be leas than in the leenergy end, where

the main ●ffect is radially defocusing.

The image chargen prrduced by a continuous
beam with a circular cross section, centered on

axis, will cau6e multipole Cieldg of order 4, 8,
. . ., proportional to the beam current. For a
beam with radiua rb# the ratio of the Magni-
tudes of the image force to the apace-charge
force at the edge of the beam -a calculated to

be:

image force

space-charge force ‘0422~\4+O+je

(A-1)

+. .,,

where r. ia the bore radius. If
rb _ 0.5 ro, then this ratio is lees than

39.
A displacement of the beam center from the

●xis produms Image charges t,;at cauae other
❑ultlpole ~enta, the ❑ain ones being the

n = 1, 3, and 5 terms. The magnitudes of the
n- 4, 8, , . . ❑ultiples are relatively
unchanged by mnall diaplacmmantm of the beam.
The strength of the dipole fiel? la approxi-
mately 0.7B E rc/ro, where rc is the dia.-

placement or the beam cent-r from the ax!s, anA

E In the space-charge field produce.+ hv the beam
●t ● distance r. frm ita renter. The maqni-

tudea of the n = 3 ●d n = 5 m=ultlpole fields
arc each qrodmdtely half of tha ~nitu~ of
the di~le field.

Baaed on these remrlts, w make the
Collwinq cWIClusionr AM long ●s the beam is
well centered few rc < 0.2 ro) ati the beam
daa rmt fill ● large frmctia of the ●perture
faay rb ~ 0.6 ro), then the imaqe forces are

●t least an oraer of magnitude lower than the
●we-charge forms ●n4 can be neglected without
k.eriouslv aff-ting the results. Tf these con-
ditions ●re violated, then the irnaqe forces
miqht b~ comparable to the space-charq~
forces an? could cause an Increase in the beam

loss ●nd i~ the ●mittana growth,

Outline nf PARWI’SO

The mmputer program that U? use to studv
the beam dvnamics of the RPo linac is called

PARMI’EQ, (Phase and Ra*ial Motion in Transverse
Electric Quadrupolea). It Iq a ma!ified version
of PAI?MIU, and performs four basic fu!’rtions.
It qenerates an MU linac, generates a varietv
~f input particle distributions, berforms beam

dynamics calculations, and generatt~ a varietv
of outputs,

The information required for generat{nd an

~ linac con!siats of the Cm lowinq: the vane
voltage; the linac frequmq, the mass of the
particles; the initial an~ ‘jnal ●nergies; an~ a
table of values specifv!ng t’le raflial Cocusina
strenqth B, the vane modulation varameter m, ana
the synchronous phase, all at spec~fiea dis-

tances along the structure. The linoc 16
generated cell by cell, in an iterative
procedure.

The heawdvnamics calculations are per-
formed as follows: Each cell is Aivided into a
number of aeqments (tvpicallv four, with a maxi-

mum of ●ight). InltIal values of the dvnamical
quantities x, x’, v, v’, Q, and W are trans-
formed to final values through each seament.
The pnase ana ●nergy -rdinates are the first

to be transformed. In the radial transforma-
tions, the quadruple and the rf-defocuslnq
terms are treatefl .sr~aratelv. The quadruple
transformation js t .at of a standard quadruple
hac)ing a length equal to the aeqment lenqth, and

a strenuth that dep+nds on the rf phase a~ the
particle paaaes through the seqment. Conse-
quently, ●ach particle will ●mrience a
different rjuadruple force depending on its own
phame. The rf defocusing term ia treated as an
impulne or thin lens, whc.se strength depends on
the rf phaae as tmell 6s un the location of the

particle in the cell.
At the middle of ~ach cell, the particles

are given an iwulae to simulate the suam-
charge forces. Thin 1s the most aifficult

transformation to make satis”actorilv. In order

to calculate properlv the apace-charqe forces,
one needs to kna the positions of all the
particles at a given lnatant in time. Instead,
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one krow the parttele -rdinste: an they
●rrive ●t a particu. I’ I=ation Slonq the linac.
Thre lo ● big diffa,.enm between these t-
●itutticm when th~r- in ● large phase mprcd in
the Mare, an there 1- in the low ●nargy pxtion
of ths RPQ. Cotlnaqu*ntly, &for* chlculatlng
the npmct-charge force- It 1s important to cstl-
msto the particle positions ●t ● qir~cn inntant
in time, which we have dosen ~ be the time
when the rf field in tero. At this particular
tlmc, the cross ●acticm of th~ barn almuld be
w*ry nearly circular, A scriam of transforma-
tia matrices in g~nerated, mnaiderirq only the

quadrupolc term, that tranaforma the radial
cmrdinates from their valuea at all other
phases within ~1800 in so iwrementn. For
●ach particle ue firxf the transformation ❑htrix
that mot rwarly agrees with the phase of the

particle, and w apply tlw inverse of the trans-
formation. ?’nis give~ us the ●stimate of tht=
pa.title’n radial coordinate at the desired
phase. The longitudinal p!tion is ●stimated

frcm the particle’s velocity ati phase. After
doirq this for all o’ the particles, the space-

charge forces ar~ ca .ulated and the impulses
are ●pplied by clanging x’, y’, and W for ●ach

particle. The radial ccmrdinates are then
similarly transformed back to their rmxfified
values at ttwir original p>ases, arA tb:s ~n-
pletes the apace-charge tranbformaticm for one
Cell.

After the space-charge transformation, the

-rdinates are transform~l throuqh the
remainder of the ,gegmentB in the cell, A

variety of cut~t subroutines can he called at
the ●nd of any cell, or at th? middle of anv
=11, ● ither before or after the space-chazge
impulse is applied.

Scune RFQ Scaling Hetho5c

Scsne RFQ applications mav require a methml
of scalin3 an ●xisting design to wme new fre-
quen~. At fixed F a change in frequenq will
cause a change in the operating p-3int on the
radial stability chart, which changes the Lrans-
verne beam dymmics. An ●x~tly equivalent
ntructure may not be obtainable when the fre-

quency is changed. We find that a useful guide
for generating mlutions at new frequencies !s
to impoee a dir-t geanetric ●caling of dimen-
sions In proportion to wavelength. Thus at each
cell ue have the radlug parameter a proportional
to’, and m is unchanged. The fr~quency depen-

dence of a and Ea tenrln to make B, L, and v
decrease as frequency incr?ases and makes E.

increaoe ~ewhat with increasing frequenef.

?or high-c,lrrent a~licationa of the F.FrJ it
useful to have mme meana of ●valuating th?

=ted importance of apace charge ●ffects, Me
L ‘+ useful b mm~te the ratio u of :he
mpace rge form to tbe average or ~~th?fl
rentorinq force. Me aaame a mcd?l where the

beam bunch in represented bv a uniform

dfntrlbutlon of charqe witl,in a three
rlimpnsional ●llioooirl. ?or lonqitu~inal mot,on
we *taint

90 I(amps)~3@2!(b/rb)

UL”T 2 (A-2)
T V(vclts)brb Alsin O*1

where rh2 = ‘x ‘V ●nd b i~ the half
length of the bunch. The function f(b/rb) has

the approximate value f(b/rL) = rh/3b in the,, ,,
range 0.8 ~ b/rb ~ 5.

For ra(lial motion w use

45qI(~Ps)Jil - f(b/rb)]
IJr =

22
Mc2(e\7)22r bk

br

Generallv m! trv to keep ., an~ Lr

tha,~ about 0.5 jn orrler to contrel beam
due to a reduccfl ~table phase space area

,.: an+ !Ir affect the frequencies of

ess

osses

?inc?

longiturl~nal and radial motion, the additional
condition muEt be met, that remnance must be
avoided.

We can also obtain Iimitinq current

●roressions, if we assume the limits rwcur when

~i
=lanrlFr= 1. We assume that the hunch

hhlf-lenqth i.s related to the svnchromws phase
by:

The approximate form for f(b/rh\ is assumed
a!,d we r}’place sin :g bv :s. For the
lonqitudical limit we obtain:

where rh is the bearr radius. The radial limit
i9:

The longitudinal limit d%reages rauidlv as

the beam IS bunched in phase. The radial limit

increases with E, but also decreases while the

be?m is bunched in phase.

At the front ●nd @f the ?#Q, where the beam

is in transition between a w and a bunched
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